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The standard model (SM) of particle physics unifies
the electromagnetic and weak interactions into a single
electroweak theory. However, experimental evidence and
calculations in the framework of the SM show a differ-
ence of orders of magnitude in the cross section of elec-
tromagnetic and weak interactions at low energy. This
fundamental difference is explained by the masses of the
weak W and Z intermediate bosons that mediate the
weak interactions. These massive bosons are a result of
electroweak symmetry breaking, which in the SM occurs
through the Higgs mechanism. This theory is directly
testable by the experimental observation of the Higgs
boson, which is one of the primary objectives of mod-
ern particle physics. The production of Higgs bosons is
expected to be observable at the Tevatron [1] where the
Higgs boson has a large enough cross section as calcu-
lated at next-to-next-to-leading order (NNLO) [2–4] for
exclusions or evidence to be seen with current datasets.

In this Letter we present a search for the production
of SM Higgs bosons with subsequent decay to two oppo-
sitely charged W (∗) bosons, where the asterisk indicates
that W bosons can be virtual. This search is most sensi-
tive at high SM Higgs boson mass, mH > 135 GeV [5],
where the Higgs boson decay to W bosons is domi-
nant [6]. Previous published searches for high-mass SM
Higgs bosons set upper limits at the 95% confidence level
(C.L.) on the production cross section for a SM Higgs bo-
son (σH) of at best 1.7 times greater than the predicted
value [7]. The DØ collaboration is concurrently report-
ing an updated search of comparable sensitivity in this
channel [8]. The results presented here improve the sen-
sitivity of previous published searches by including new
data, new search topologies, and by performing an inclu-
sive search for all SM Higgs boson production processes
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with significant rate: gluon-gluon fusion through virtual-
quark loops (ggH) [9, 10]; production in association with
a W or Z vector boson (VH) [11–13]; and vector bo-
son fusion (VBF) [11, 14]. The SM values of σH for
these processes at mH = 160 GeV are σggH = 0.439 pb,
σWH = 0.051 pb, σZH = 0.033 pb, and σVBF = 0.039 pb.
This inclusive search expands the acceptance by 50% for
mH = 160 GeV compared to searching for only the ggH
production process as done previously by CDF [7].
The CDF II detector consists of a solenoidal spec-

trometer with a silicon tracker and an open cell drift-
chamber (COT) surrounded by calorimeters and muon
detectors [15]. The geometry is characterized using
the azimuthal angle φ and the pseudorapidity η ≡
− ln[tan(θ/2)], where θ is the polar angle relative to the
proton beam axis. Transverse energy, ET , is defined to
be E sin θ, where E is the energy of an electromagnetic
(EM) and hadronic calorimeter energy cluster. Trans-
verse momentum, pT , is the track momentum component
transverse to the beam line.
This analysis uses physics objects identified as jets,

electrons, and muons as well as the estimated missing
transverse energy. Electron and muon candidates (called
electrons and muons for simplicity) are typically identi-
fied using the COT and EM calorimeter or muon cham-
bers respectively and are described in detail below. Jet
candidates (jets) are measured using the calorimeter tow-
ers with corrections to improve the estimated energy [16]
and are required to have a measured ET greater than
15 GeV and |η| < 2.5. The missing transverse energy

vector, ~E/T , is defined as the opposite of the vector sum
of the ET of all calorimeter towers, corrected to produce
the correct average calorimeter response to jets and for
the calorimeter response to muons.
The search is based on the requirement that events

contain two charged leptons resulting from the decays of
the final-state vector bosons. These leptons have oppo-
site charge except in the case of the VH channel where
they can have the same charge. We also make require-
ments on the E/T (explained below), which is indicative
of the presence of neutrinos, in opposite-charge di-lepton
events. The Higgs boson signature can also involve jets
of hadrons produced from the decay of one of the vector
bosons in the VH process, forward quarks in the VBF
process, or from the radiation of gluons.
One lepton must be identified by a trigger which per-

forms real time selection of electrons or muons. One elec-
tron trigger requires an EM energy cluster in the central
calorimeter (|η| < 1.1) with ET > 18 GeV pointed to by
a COT track with pT > 8 GeV. A second electron trigger
requires an EM energy cluster with ET > 20 GeV in the
forward calorimeter (1.2 < |η| < 2.0) and uncorrected
E/T > 15 GeV. Muon triggers are based on track seg-
ments in the muon chambers that are matched to a COT
track with pT > 18 GeV. Trigger efficiencies are mea-
sured using samples of observed leptonic Z decays [17].
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The selected events consist primarily of background
SM processes from three categories. The first cate-
gory contains processes that like the signal result in two
charged leptons, E/T , and possible jets, such as two W
bosons contributed by direct production (WW ), produc-
tion of two Z bosons (ZZ) where one Z boson decays to
neutrinos, and top-quark pair production (tt̄) where the
W bosons from top-quark decay subsequently decay lep-
tonically. The second category consists of processes such
as Drell-Yan (DY) production with possible jets where
the observed E/T originates from the mis-measurement
of lepton or jet energies. Also in this category are ZZ
and WZ production where one or more of the final state
charged leptons are unobserved. The third category in-
cludes W+jets (W j) and Wγ production where a final
state jet or gamma is misidentified as a charged lepton.

Higgs boson candidates are selected and contributions
from the last two categories of background are reduced
by applying the following initial selection. At least one
charged lepton is required to match the lepton found
in the trigger and have ET (pT ) > 20 GeV for electrons
(muons). The second charged lepton is required to
have ET (pT ) > 10 GeV except in events with same
charge leptons, where both leptons are required to
have ET (pT ) > 20 GeV. To reduce backgrounds from
processes resulting in objects misidentified as charged
leptons from vector boson decay (fake leptons), we
employ a modified version of the lepton identification
strategy developed for the WZ observation analy-
sis [7, 18]. Candidate leptons are separated into seven
categories: two for electrons; four for muons; and one
for isolated tracks that project to detector regions with
insufficient calorimeter coverage for energy measure-
ments. The electron categories are distinguished by
whether the electron is found using the central or the
forward calorimeter. Electrons are further purified by
a likelihood selection based on track quality, track-
calorimeter matching, calorimeter energy, calorimeter
profile shape, and isolation information. Two of the
muon categories use muons found in the central or
forward muon chambers and the other two use tracks
consistent with originating from minimum ionizing
particles in either the central or forward calorimeters.
Leptons are selected to be isolated by requiring that
the sum of the ET for the calorimeter towers (or for
central muons the sum of track momenta) in a cone of
∆R =

√

(∆η)2 + (∆φ)2 < 0.4 around the lepton is less
than 10% of the electron ET (muon pT ). Backgrounds
involving mis-measured E/T are reduced by requiring
E/T,rel > 25 GeV for di-electrons, di-muons or events in-
volving isolated tracks and E/T,rel > 15 GeV for electron-
muon events, where E/T,rel ≡ E/T if ∆φE/

T
,(ℓ,jet) >

π
2 , E/T sin∆φE/

T
,(ℓ,jet) if ∆φE/

T
,(ℓ,jet) < π

2 , and

∆φE/
T
,(ℓ,jet) is the angle between the ~E/T direction

and the nearest lepton or jet. The E/T,rel selection is not

applied for same charge lepton events since mis-measured
E/T backgrounds are not large. We reduce DY and heavy
flavor backgrounds by requiring that the invariant mass
of the lepton pair be greater than 16 GeV.

We further subdivide the observed events into six anal-
ysis channels based on jet multiplicity, lepton categories,
and lepton charge combinations. The division is designed
to optimize the sensitivity to the various Higgs boson pro-
duction mechanisms [19]. Five of the channels have sig-
natures with opposite-charge leptons. Events with zero
jets and two central leptons are most sensitive to the
leading order (LO) ggH process and have WW produc-
tion as the dominant background. Events with zero jets,
in which one lepton is identified as a forward electron or
forward minimum ionizing track have an additional sig-
nificant background from fake lepton sources. As in the
zero jet case, we define two categories with one jet which
are additionally sensitive to VH and VBF Higgs boson
production. Events with two or more jets with any com-
bination of opposite-charge leptons can originate from
any Higgs boson production process and have tt̄ as the
dominant background. To reduce the tt background we
reject events with b-quark jets [20], which are identified
by finding displaced vertices from tracks in the jets. We
define a separate channel for same charge di-lepton events
with one or more jets. Here we exclude forward electrons
as the charge misidentification rate in the forward region
is high. This category consists of signal events from VH
production, where one lepton originates from the associ-
ated vector boson decay, and Wj events, where the jet is
misidentified as a lepton. In addition to extended accep-
tance for VH and VBF production the final two channels
add search topologies which are new compared to Ref. [7].

The acceptances, efficiencies and kinematic proper-
ties of the signal and background processes are deter-
mined primarily using simulation. Events are simulated
with the MC@NLO program for WW [21], pythia for
H → WW (∗), DY, WZ, ZZ, and tt [22], and the gener-
ator described in Ref. [23] for Wγ. The response of the
CDF II detector is then estimated with a geant-based
simulation [24]. The cross sections for each process are
normalized to NNLO calculations with logarithmic re-
summation (ggH [9, 10]), NNLO (VH [11–13] and tt for
a top quark mass of 172.4 GeV [25]), and next-to-leading
order calculations (VBF [11, 14], WW [21], WZ and
ZZ [26], and Wγ [27]). Efficiency corrections for the
simulated CDF II detector response for lepton, photon
conversion, and b-jet reconstruction and identification are
determined using samples of observed Z → ℓ+ℓ−, photon
conversions, and b-jets events, respectively. The proba-
bility that a jet will be misidentified as a lepton is mea-
sured using a sample of observed events collected with
jet-based triggers and corrected for the contributions of
leptons from W and Z decays. These probabilities are
applied to each jet in a W j enriched sample to estimate
the number of W j events that pass the selection [28].
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Based on the selection described above we expect 594
± 63 WW , 97 ± 13 WZ and ZZ, 196 ± 32 tt̄, 339 ± 61
DY, and 404 ± 72 Wγ and W j events, for a total of 1630
± 140 estimated background events. As an example, for
a SM Higgs boson with mH = 160 GeV we expect 21.5 ±
4.7 ggH, 4.38± 0.57WH, 1.59± 0.21 ZH, and 1.61± 0.26
VBF events, for a total of 29.1 ± 4.9 Higgs boson events.
We observe 1648 events. The indicated uncertainties are
systematic and are described below.

After the initial selection the proportion of expected
signal versus background is not sufficient to allow a sig-
nificant result to be extracted quantifying the amount
of signal present. Discrimination of signal from back-
ground is greatly enhanced by employing multivariate
techniques. We train neural networks (NN) using the
Neurobayes [29] program with a combination of back-
ground events and simulated signal events for each anal-
ysis channel and at each of 14 hypothesized mH values
in the range 110 ≤ mH ≤ 200 GeV. The inputs to the
NNs are based on kinematic quantities selected to ex-
ploit features such as the spin correlation between the W
bosons in Higgs boson decay, which results in the charged
leptons from the W decays tending to be more collinear
than in WW events; the presence of large E/T from the
neutrinos; the transverse mass of the Higgs boson, which
can be reconstructed from the leptons’ four-momenta and
~E/T ; and the modest total energy of the Higgs boson de-
cay products compared to tt decay [19]. In the zero jet
categories we additionally classify each event by evaluat-
ing the observed kinematic configuration in a likelihood
ratio of the signal probability density divided by the sum
of the signal and background probability densities. These
probability densities are determined from LO matrix el-
ement calculations of the cross sections [18, 28].

An example NN discriminant distribution for the com-
bination of all categories is shown in Fig. 1. Signal and
background expectations for a 160 GeV Higgs boson are
shown compared to the observed data.

We do not observe a significant excess of events and set
upper limits at the 95% C.L. on σH , expressed as a ratio
to the expected SM rate as a function of mH . We employ
a Bayesian technique [30] using a likelihood function con-
structed from the joint Poisson probability of observing
the data in each bin of the discriminant NN output vari-
ables in each channel, integrating over the uncertainties
of the normalization parameters using Gaussian priors.
A constant prior in the signal rate is assumed.

When setting these limits we consider a variety of pos-
sible systematic effects including both those that change
the normalization and those that change the shape of
the kinematic distributions. The dominant systematic
uncertainties are those on the theory predictions for the
cross sections of signal and background processes and for
the data driven background estimate used for W j. In ad-
dition, we consider the effect of variations from choices
of renormalization and factorization scales, parton dis-
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FIG. 1: The combined distribution of NN scores for back-
grounds and a mH = 160 GeV Higgs boson compared to the
observed data shown with statistical uncertainties. The Higgs
boson distribution is normalized to ten times the SM expec-
tation.

tribution function uncertainties, and differences between
LO and higher order calculations on the acceptance of
signal and background processes. The uncertainties on
σH are 5% for WH and ZH, and 10% for VBF. We es-
timate an additional channel-dependent uncertainty for
the ggH process of approximately 7 − 70%, to account
for scale variation cross section and acceptance uncer-
tainties as a function of the number of identified jets,
and a gluon PDF error of 8% following phenomenolog-
ical NNLO studies [31]. The cross section uncertainties
are 6% for diboson production, 10% for tt production,
and 5% for DY. We estimate an acceptance uncertainty
to account for kinematic differences between generating
at LO and higher order of 10% for all simulated processes
except WW , DY, and ggH. We simulate the WW pro-
cess at higher order and assess a smaller uncertainty of
5%. The jet multiplicity and E/T distributions for the
DY process are not well modeled by the simulation and
we assess uncertainties from 17−32% depending on chan-
nel. We assess uncertainties of 20% and approximately
20−30%, depending on channel, on Wγ and W j back-
grounds respectively, due to our modeling of conversion
and fake lepton backgrounds. We also consider uncer-
tainties on lepton identification and trigger efficiencies,
which range from 1.4 to 3.4%. Finally, we assess a 5.9%
uncertainty on the integrated luminosity.

In Table I and Fig. 2 we show the median expected and
observed upper limits on σH for 14 mH hypotheses cal-
culated using the techniques and uncertainties explained
above for the combination of all analysis categories.

In conclusion, we have performed an inclusive search
for SM Higgs boson production in the twoW boson decay
mode where the final state contains two charged leptons.
We observe no evidence for SM Higgs boson production
and set upper limits on σH . These limits are the most
stringent to date from a single experiment for high mass
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mH (GeV) 110 120 130 140 145 150 155
Expected/σSM 26.27 8.85 4.41 2.85 2.43 2.05 1.67
Observed/σSM 38.89 12.04 6.38 4.21 3.23 2.62 2.04

mH (GeV) 160 165 170 175 180 190 200
Expected/σSM 1.26 1.20 1.44 1.72 2.09 3.24 4.53
Observed/σSM 1.34 1.29 1.69 1.94 2.24 4.06 6.74

TABLE I: Median expected and observed 95% C.L. upper
limits on σH presented as a ratio to the predicted SM values
of σH as a function of mH .

110 120 130 140 150 160 170 180 190 200110 120 130 140 150 160 170 180 190 200

1

10

210

Higgs Mass (GeV)

S
M

σ
95

%
 C

.L
./

-1
 L = 4.8 fb∫

Standard Model

110 120 130 140 150 160 170 180 190 200

 Expected
σ 1± 
σ 2± 

 Observed

FIG. 2: Expected and observed upper limits at the 95% C.L.
on σH presented as a ratio to the predicted SM values as
a function of mH . The dashed line represents the median
expected limits, the green and yellow bands the estimated
one and two sigma probability bands for the distribution of
expectations, and the solid line the observed limit.

SM Higgs boson production. We limit (at the 95% C.L.)
SM Higgs boson production to be no larger than 1.34 and
1.29 times the expected SM cross sections for mH = 160
and mH = 165 GeV, respectively.
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